Despite the recognized physiological importance of transfer cells, little is known about how these specialized cells achieve localized deposition of cell wall material, leading to amplification of plasma membrane surface area and enhanced membrane transport capacity. This study establishes that cellulose synthesis is a key early factor in the construction of 'reticulate' wall ingrowths, an elaborate but common form of localized wall deposition characteristic of most transfer cells. Using field emission scanning electron microscopy, wall ingrowths were first visible in epidermal transfer cells of Faba bean cotyledons as raised 'patches' of disorganized and tangled cellulosic material, and, from these structures, ingrowths emerged via further deposition of wall material. The cellulose biosynthesis inhibitors 2,6-dichlorobenzonitrile and isoxaben both caused dramatic reductions in the number of cells depositing wall ingrowths, altered wall ingrowth morphology and visibly disrupted microfibril structure. The restriction of cellulose deposition to discrete patches suggests a novel mechanism for cellulose synthesis in this circumstance. Overall, these results implicate a central role for cellulose synthesis in reticulate wall ingrowth morphology, especially at the initial stage of ingrowth formation, possibly by providing a template for the self-assembly of wall polymers.
Introduction
Transfer cells are unique cell types specialized for cell-cell membrane transport of solutes. As part of their differentiation, transfer cells deposit small projections of wall material, 'wall ingrowths', which protrude into the cell and amplify the surface area of the plasma membrane. This amplification is vital for enhancing the capacity for intercellular membrane transport of solutes (Offler et al. 2003) . The morphology of wall ingrowths varies between transfer cell types and between different species (Talbot et al. 2001 , Talbot et al. 2002 , but in most transfer cells they are deposited as small, rounded papillae, which branch and fuse to form a complex, reticulate labyrinth ('reticulate' wall ingrowths) (Talbot et al. 2001 , Talbot et al. 2002 . This morphology differs markedly from that of 'flange' ingrowths, which superficially resemble the thick, linear bands of secondary cell wall material deposited in other plant cell types, such as xylem elements (Talbot et al. 2002) . Although we are now aware of the threedimensional complexity of wall ingrowth structure (Talbot et al. 2001 , Talbot et al. 2002 and the physiological importance of ingrowth deposition in transfer cell function (Offler et al. 2003) , it remains a challenge to discover the mechanisms regulating wall ingrowth morphology. The morphology of reticulate ingrowths, although the most common form in transfer cells surveyed to date (Offler et al. 2003) , is unique amongst known patterns of localized wall deposition in plants, and thus their formation is likely to employ mechanisms yet to be elucidated in plant biology (Talbot et al. 2002 , Offler et al. 2003 .
Most of the current understanding of how plant cells regulate deposition of localized cell wall patterns comes from investigations of secondary wall thickening in tracheary elements. In tracheary elements, cortical microtubules cluster to form dense bands, which precede and predict sites where localized bands of wall material will be deposited, and microtubules continue to mirror the pattern of the wall thickenings throughout deposition (Hepler and Fosket 1971 , Falconer and Seagull 1985 , Seagull and Falconer 1991 , Chaffey et al. 1999 , Funada et al. 2001 , Oda et al. 2005 ). However, microtubule-dependent mechanisms operating in tracheary elements may not be relevant for directing the deposition of small papillate wall ingrowths which branch and fuse to form a *Corresponding author: E-mail, David.McCurdy@newcastle.edu.au; Fax, porous labyrinth characteristic of the reticulate morphology in transfer cells (Talbot et al. 2001 , Talbot et al. 2002 . In addition, secondary wall deposition in tracheary elements appears to be partly regulated by a 'self-perpetuating cascade', in which cellulose deposition provides a framework for the localization of other cell wall components (Taylor et al. 1992 , Taylor and Haigler 1993 , Kiedaisch et al. 2003 . Recent studies have also shown that profound changes in both primary and secondary wall architecture may arise as a result of reduced levels of cellulose synthesis brought about by drugs or genetic mutation (Satiat-Jeunemaitre 1987 , Taylor and Haigler 1993 , Turner and Somerville 1997 , Fagard et al. 2000 , Taylor et al. 2000 , Ha et al. 2002 , Taylor et al. 2003 . Therefore, it seems likely that cellulose is a central organizing component of the cell wall, given its properties and ubiquitous presence in cell walls. Local organization between neighboring cellulose microfibrils is thought to be determined by 'self-assembly', the complex set of interactions between polymers within a cell wall, governed by the intrinsic biophysical properties of the component polymers (Jarvis 1992) . As a consequence of its mode of synthesis and close association with hemicellulosic polysaccharides, cellulose is an ideal self-organizing polymer, influencing not only its own pattern of deposition but also the deposition of other wall components (Delmer 1987 , Satiat-Jeunemaitre 1987 , Jarvis 1992 , Vincent 1999 , Baskin 2001 .
Recent evidence using both cellulase-gold probes and immunolabeling of developing transfer cells in Vicia faba cotyledons has demonstrated that cellulose is one of the earliest polymers deposited during construction of wall ingrowths (Vaughn et al. accompanying manuscript) . Furthermore, based on a chemical analysis of the composition of transfer cell-like wall ingrowths induced in a maize cell culture line, DeWitt et al. (1999) suggested that self-assembly potentially regulates wall ingrowth morphology. Thus, we focused our investigation on the potential role of cellulose synthesis in regulating reticulate wall ingrowth morphology in V. faba cotyledon epidermal transfer cells. We combined the capacity to induce wall ingrowth formation in adaxial epidermal cells of V. faba cotyledons by in vitro culture (Offler et al. 1997 , Farley et al. 2000 with field emission scanning electron microscopy (FESEM) of dry-cleaved cotyledons (Talbot et al. 2001) to observe formation of reticulate wall ingrowths. Our observations show that papillate wall ingrowths develop as a consequence of localized deposition of tangled and disorganized cellulosic material in small patches on the surface of the parent wall, a finding that could imply a novel or altered form of cellulose deposition. The predicted role of cellulose deposition in wall ingrowth formation was substantiated by exposing cultured cotyledons to the cellulose biosynthesis inhibitors 2,6-dichlorobenzonitrile (DCB) and isoxaben. Collectively, our results support the conclusion that cellulose provides a framework or scaffold for localized wall ingrowth deposition in transfer cells.
Results

Cellulose organization in reticulate wall ingrowths
To investigate the involvement of cellulose microfibril synthesis and organization during reticulate wall ingrowth formation, FESEM was used to visualize the surface structure of the cell wall during culture-induced wall ingrowth deposition in adaxial epidermal cells of V. faba cotyledons. In agreement with earlier studies (Offler et al. 1997 , Farley et al. 2000 , the primary wall of adaxial epidermal cells was uniformly thin, and wall ingrowth deposition was not detected under normal conditions of cotyledon development (Fig. 1A) . FESEM showed that cellulose microfibrils in this primary wall were deposited essentially randomly (Fig. 1B) or with only minimal local alignment (Fig. 1C) . Upon induction of transfer cell differentiation in the adaxial epidermis by cotyledon culture, the first morphological evidence of wall ingrowth formation was the polarized deposition of a uniform layer of wall material exclusively across the outer periclinal wall of the cell (Fig. 1D ). This layer is deposited rapidly, within 2-4 h of culture (Wardini et al. 2006) , and has been observed previously during transfer cell development in abaxial epidermal cells of cotyledons developing in planta (Offler et al. 1997 , Farley et al. 2000 . FESEM revealed that the cellulose microfibrils in this new wall layer were deposited in a parallel arrangement across most of the outer periclinal wall (Fig. 1E) .
Most adaxial epidermal cells had initiated deposition of wall ingrowths on their outer periclinal walls by 15 h of culture ( Fig. 2A) . Wall ingrowth deposition can occur asynchronously within a single cell (Talbot et al. 2001 ), and we exploited this phenomenon to document wall ingrowth progression by FESEM (Fig. 2B) . High magnification images of wall ingrowth structures equivalent to the stages shown in Fig. 2B revealed localized patches of tangled, disorganized cellulosic material deposited over the layer of ordered microfibrils as the earliest stage of ingrowth deposition (Fig. 2C , equivalent stage to ingrowth #1 in Fig. 2B ). The fibres of cellulosic material within these nascent wall ingrowth papillae were more disorganized and lumpy in appearance compared with the linear cellulose microfibrils in the underlying wall layer, and were more coalesced. The lumpy structures observed in these patches were also thicker in diameter (19 AE 0.8 nm; n ¼ 22) than the microfibrils in the underlying wall layer (14 AE 0.3 nm; n ¼ 20), this difference being significant at the 2.5% level (2 degrees of freedom) when analyzed by a paired t-test. Subsequently, the papillate structure appeared to be consolidated by further deposition of wall material, producing a raised mass of entangled fibers (Fig. 2D , equivalent stage to ingrowth #2 in Fig. 2B ). Wall ingrowths then appeared to become encrusted with additional wall material, and had obtained the familiar 'papilla' morphology ( Fig. 2E , equivalent stage to ingrowth #3 in Fig. 2B ). Such ingrowths appeared more solid, and individual fibers were not discernible (Fig. 2E ) when compared with earlier stages (Fig. 2D) . By this stage, structural details within individual papillae became difficult to image by FESEM due to excessive electron charging of the structures (white appearance of the papillate ingrowth).
To gain a different perspective of wall ingrowth formation, we viewed these early stages of induced wall ingrowth development by transmission electron microscopy (TEM). Viewed this way, ingrowths first appeared as localized appositions on the outer periclinal wall, which were structurally distinct from the evenly thickened new wall layer and primary wall (Fig. 2F ). These localized ingrowths were subsequently elaborated as rounded masses adjunct to the underlying wall (Fig. 2G) . This TEM image clearly shows that the stained cell wall material within the ingrowth is different in appearance from the underlying wall (Fig. 2G) . Exterior to the emerging papillate ingrowth is an electron-translucent layer, the thickness of which is probably exaggerated as a result of specimen fixation (Browning and Gunning 1977) . In transverse view, wall ingrowths equivalent to #3 in Fig. 2B appeared as single, elongated papillate structures projecting from the underlying wall (Fig. 2H ). These ingrowths were clearly different in composition from the underlying wall and enclosed in an electron-translucent layer (Fig. 2H) .
In an accompanying manuscript, we have used affinity probes and immunogold labeling to show that cellulose is detectable at these earliest stages of papillate wall ingrowth deposition. In contrast, callose appears to be absent from wall ingrowths at this earliest stage, as determined by use of a monoclonal antibody directed against b-1,3-glucan 
Cellulose in transfer cells
Deposition of cellulose continues throughout the processes of wall ingrowth branching and fusion. Previous observations by conventional scanning electron microscopy (SEM) suggested that wall ingrowths branch from a single papillate origin (Talbot et al. 2001) . However, when observed at higher resolution by FESEM, these 'branched' wall ingrowths appeared instead to form via fusion of adjacent wall ingrowths (Fig. 3B) . Fusion therefore appears to result from the deposition of approximately aligned microfibril-like structures between adjacent wall ingrowths ( Fig. 3A) , which builds a connecting ridge (Fig. 3B) . Formation of slender, bridge-like connections that do not make contact with the underlying wall, described in a previous study (Talbot et al. 2001 ), could only be viewed The emerging wall ingrowth structure appeared to be built up by further deposition of cellulose and other wall material, producing a mass of entangled, coalesced wall material (white arrowheads). Parallel microfibrils of the underlying wall can still be observed (black arrowheads). (E) During later stages of ingrowth formation, ingrowths appeared to become encrusted with additional wall material, and had attained the familiar 'papilla' morphology (arrow). Parallel microfibrils of the underlying wall can be seen (arrowheads). (F) Viewed by TEM, the raised patch structures appeared as localized appositions on the outer periclinal wall (arrow). The uniformly thickened wall layer deposited prior to wall ingrowth deposition can also be seen (bracket). (G) In transverse view, the developing ingrowth appeared as a rounded mass of randomly oriented fibers (arrow), adjacent to the underlying wall. Exterior to the emerging papillate ingrowth is an electron-translucent layer (asterisk). (H) In transverse view, the ingrowth appeared as a single, elongated papillate structure projecting from the underlying wall (arrow). Scale bars ¼ 5 mm (A); 1.5 mm (B); 500 nm (C-H).
briefly because these slender connections were extremely labile under the electron beam of FESEM (data not shown). In more advanced transfer cells, such as the abaxial epidermal transfer cells of non-cultured cotyledons (Fig. 3C) , wall ingrowths forming part of a reticulate labyrinth appeared as solid, smooth structures compared with the papillate wall ingrowths in early stages of ingrowth formation (e.g. Fig. 2C-E) . Consequently, only minimal fibrillar detail could be observed within these wall ingrowth labyrinths (Fig. 3C) . Overall, these results suggest that one of the first events in reticulate wall ingrowth formation is the deposition of localized patches of lumpy, entangled cellulosic fibers, over a layer of mostly parallel cellulose microfibrils. These patches act as sites for further deposition of wall material and formation of the papillate wall ingrowth structure.
Cellulose synthesis is required for normal wall ingrowth deposition
Since deposition of cellulosic fibers is the first visible indicator of wall ingrowth formation (Fig. 2) , the importance of cellulose synthesis in this process was investigated by inducing wall ingrowth development in the presence of two different cellulose biosynthesis inhibitors, DCB and isoxaben.
(i) DCB and isoxaben reduce the number of adaxial epidermal cells with wall ingrowths
Cotyledons were cultured for 24 h on agar plates containing different concentrations of DCB and isoxaben, and then analyzed for wall ingrowth formation by SEM. In control cotyledons cultured for 24 h, 89% of adaxial epidermal cells contained identifiable wall ingrowths, while this incidence decreased to only 11 or 7% of cells in cotyledons exposed to 5 or 50 mM DCB, respectively (Fig. 4A) . A similar inhibition of wall ingrowth deposition was observed in the presence of isoxaben, with only 28 or 12% of adaxial epidermal cells forming wall ingrowths when cultured in the presence of 0.5 or 5 mM isoxaben, respectively (Fig. 4A ). An example of the dramatic reduction in wall ingrowth deposition in the presence of 5 mM DCB is shown in Fig. 4C , compared with control cotyledons (Fig. 4B ).
(ii) DCB and isoxaben affect wall ingrowth morphology
As shown in Fig. 4A , the majority of adaxial epidermal cells in cotyledons treated with DCB or isoxaben did not form wall ingrowths. However, in the small percentage of adaxial epidermal cells where wall ingrowths were present, these ingrowths exhibited an abnormal morphology and typically did not progress beyond the papillate stage. Wall ingrowth papillae deposited in the presence of DCB (Fig. 5B) were distended compared with controls ( Fig. 5A) . Similar morphological abnormalities were observed in isoxaben-treated cells, but these were more marked; wall ingrowths were often deposited as disorganized lumps (Fig. 5D) , compared with the small, discrete papillae observed in control cells (Fig. 5C ). The effect of DCB on the later stages of wall ingrowth deposition was investigated by transferring cotyledons cultured for 24 h under control conditions to plates containing 50 mM DCB and viewing after a further 24 h culture. At this time point (48 h culture), adaxial epidermal cells from control cotyledons typically had formed a second fenestrated wall layer, indicated by the presence of papillate wall ingrowths emerging from the initial fenestrated layer (Fig. 5E) . However, in drug-treated cotyledons (24 h control þ 24 h drug), wall ingrowth layers were flattened, and in some cells the fenestrae within the layer appeared to have been 'filled in', such that individual fenestrae were not obvious (Fig. 5F ).
Collectively, these results indicate that normal levels of cellulose synthesis are required for the elaboration of the reticulate wall ingrowth morphology. Wall ingrowth deposition was substantially inhibited in the presence of the cellulose biosynthesis inhibitors DCB and isoxaben, and, in the few cells where wall ingrowth deposition occurred, ingrowth morphology was clearly abnormal.
Cellulose microfibril deposition is disrupted by DCB and isoxaben
We used FESEM to examine the effects of DCB and isoxaben on wall ingrowth morphology at the level of individual cellulose microfibrils. The organization and appearance of cellulose microfibrils were clearly affected by DCB and isoxaben (Fig. 6) . Microfibrils generally appeared shorter and less co-aligned in drug-treated cells (e.g. 50 mM DCB, Fig. 6B ) compared with the organized, linear microfibrils seen in controls (Fig. 6A) . In most adaxial epidermal cells of DCB- (Fig. 6C ) and isoxabentreated (Fig. 6D) cotyledons, microfibril structure was not discernible in most cells. As observed by SEM, wall ingrowth-like structures were still deposited in a small number of cells of drug-treated cotyledons (e.g. Fig. 5B ). In such cells of DCB-treated cotyledons, patches of entangled, lumpy fibers, similar to patches marking the beginning of wall ingrowth deposition in cells of control cotyledons (see Fig. 2C ), were formed (Fig. 6F, G) . However, these patches arose from a layer of disrupted microfibrils in cells affected by the drug (Fig. 6F) , whereas in control cells they arose from a layer of well-ordered microfibrils (Fig. 6E) . The wall ingrowth-like structures observed in cells of DCB-treated cotyledons (Fig. 6G) were also generally less compact compared with wall ingrowth papillae in cells of control cotyledons (Fig. 6E) , confirming the SEM observations (Fig. 5B) . Papillae deposited in cells of isoxaben-treated cotyledons (Fig. 6H) did not resemble wall ingrowths deposited in control cells (Fig. 6E) or DCB-treated cells (Fig. 6F, G) , which is consistent with SEM observations (Fig. 5D ). These abnormal wall deposits were amorphous structures, with no detectable microfibrillar structure (Fig. 6H) .
Discussion
This study established that cellulose synthesis and deposition provide the framework for reticulate wall ingrowth formation in transfer cells. Observations in other Lateral deposition of wall material occurred at the edges of fenestrae within the first layer, and typically cells had initiated formation of a second layer of wall material as indicated by the appearance of new papillae deposited on the first layer (arrowheads). (F) In cells of the cotyledon pair shown in E but cultured for 24 h on control media then transferred to media containing 50 mM DCB for a further 24 h (total 48 h culture), such fenestrated layers were disorganized. Fenestrae (white arrowhead) were minimal and appeared to be 'filled in', and wall ingrowths (black arrowheads) were flattened. Scale bar ¼ 2 mm (A-F). Fig. 3A) arose from a layer of organized microfibrils (arrowheads). (F) In some cells of DCB-treated cotyledons, patches of randomly organized cellulosic material (arrow) were deposited, but less dense and loosely arranged compared with patches marking the emergence of wall ingrowths in cells of control cotyledons (cf. Fig. 2C ). These disrupted patches arose from a layer of disorganized microfibrils (arrowheads). (G) Wall ingrowth papillae (arrow) in cells of DCB-treated cotyledons were generally less compact in structure compared with wall ingrowth papillae in cells of control cotyledons (E). (H) In cells of isoxaben-treated cotyledons, wall ingrowths (arrows) did not resemble wall ingrowths deposited in control cells (E) or DCB-treated cells (F, G). These abnormal wall deposits were amorphous, with no discernible microfibril structure. Scale bar ¼ 500 nm (A-H).
cell types that cellulose is required for proper wall assembly and morphology (e.g. Satiat-Jeunemaitre 1987 , Taylor and Haigler 1993 , Turner and Somerville 1997 led to the prediction that self-assembly regulates wall ingrowth morphology (DeWitt et al. 1999) . Our study exploited the ability to induce transfer cell formation by cotyledon culture. Using high resolution SEM, we were able to follow the changes in organization of microfibrillar as well as amorphous wall structures during the earliest stages of wall ingrowth deposition. The use of two different drugs that are known to reduce cellulose synthesis strongly supports the conclusion that the wall ingrowth structures are substantially cellulosic in content. Our findings are supported by the observation that cellulose is one of the earliest polymers deposited during wall ingrowth deposition (Vaughn et al. accompanying manuscript).
Cellulose deposition changes during the switch to localized wall ingrowth deposition
Cellulose microfibrils in the uniform wall layer deposited prior to wall ingrowth formation are similar in appearance and diameter (10-20 nm) to crystalline cellulose microfibrils in other cell types observed by FESEM (e.g. Sugimoto et al. 2000) . The function of this new wall layer laid down prior to papillate wall ingrowth deposition is unknown, but its rapid deposition (within 2-4 h of cotyledon culture in adaxial epidermal cells; Wardini et al. 2006 ) and presence in other transfer cell types depositing reticulate wall ingrowths (abaxial epidermal cells of cotyledons; Offler et al. 1997 . Farley et al. 2000 ; nucellar projection cells of wheat grains; Wang et al. 1994) suggests that its formation may be a prerequisite for wall ingrowth deposition. For V. faba, this requirement might relate to the maintenance of a polar axis, since deposition of a polarized cell wall retains subsequent targeted wall secretion in brown algal cells (Belanger and Quatrano 2000) .
Emerging wall ingrowths observed by FESEM appear as localized patches of tangled and coalesced wall material. We interpret these structures to be cellulosic-based fibers, possibly coated with wall matrix components. The cellulosic nature of these fibers is supported by the observations that wall ingrowth formation is dramatically reduced in the presence of drugs that inhibit cellulose synthesis (this study), and that cellulose is a prominent component of emerging papillate wall ingrowths (Vaughn et al. accompanying manuscript). However, the cellulose in these fibers clearly appears to be different in structure from the typical cellulose microfibrils observed in the underlying wall layer. Attempts were made to investigate the crystalline nature or otherwise of the cellulosic patches by subjecting cotyledons to acetic/nitric acid extraction (Updegraff 1969) , or less harsh extraction methods (Fry 1988 , McCann et al. 1990 ). These methods, however, either dissolved the cotyledons or did not achieve satisfactory extraction (data not shown). However, their lumpy and disorganized appearance argues that the degree of crystallinity in these fibers is reduced.
The observations presented here raise interesting speculation on how cellulose synthesis might change during the switch from deposition of a uniform wall layer to localized wall ingrowths in transfer cells. Confinement of cellulose synthesis to small, circular patches 300-500 nm in diameter may in itself impose changes in the way cellulose is deposited. For example, the density of cellulose synthase rosettes might be reduced, promoting interactions between nascent cellulose fibers and hemicellulose, ultimately leading to an amorphous cellulose structure. Experimental reduction in the rate of cellulose synthesis, either by genetic mutations affecting one of several CesA subunits, or by the action of herbicides, results in reduced synthesis of crystalline cellulose, along with a shift to more random organization of microfibrils (Sugimoto et al. 2000 , Sugimoto et al. 2001 . Cellulose synthesis still takes place in the mutant and during herbicide treatment, but occurs from a reduced number of partially disassembled cellulose synthase complexes (Arioli et al. 1998; Sugimoto et al. 2001) .
Interestingly, the lumpy cellulosic material observed within localized patches of emerging wall ingrowths (Fig. 2C, D) is similar in appearance to the cellulosic material deposited in DCB-treated cotyledons (Fig. 6F ) and root cells of Arabidopsis thaliana (Sugimoto et al. 2001) , and in cellulose-deficient mutants of A. thaliana, including rsw1 (Sugimoto et al. 2001 ) and kor1 (korrigan) (Sato et al. 2001 ). These observations suggest that cellulose synthase activity in transfer cells during reticulate wall ingrowth deposition is somehow compromised, reducing the rate of cellulose production and consequently its degree of crystallinity. Alternatively, the cellulose synthase rosettes might be altered in composition. It is known, for example, that certain CesA isoforms are expressed exclusively during either primary or secondary wall deposition (Williamson et al. 2002) , and the correct assembly and targeting of the cellulose synthase rosette complexes during secondary wall deposition is dependent on the presence of three distinct members of the CesA family (Taylor et al. 2003 , Taylor et al. 2004 . Changes in CesA expression during early deposition of wall ingrowths may therefore result in assembly of rosette complexes with altered functionality.
Collectively, these possible changes in cellulose synthesis ultimately might be reflected in the tangled, thicker fibers of cellulosic material observed in nascent wall ingrowths. The less crystalline cellulose produced would influence subsequent interactions with matrix polysaccharides and hence lead to the papillate and subsequent reticulate wall architectures observed in transfer cells.
A role for cellulose as a framework for the reticulate wall ingrowth morphology
Cellulose fibers deposited within localized wall ingrowth patches, even at the very earliest stages as shown in Fig. 2C and D, become occluded by accretion of additional wall material during ingrowth formation. This observation suggests that initial deposition of a cellulose patch acts as a platform for continued wall deposition, and therefore as a structural basis for the papillate ingrowth morphology. This possibility is supported by observations of a dramatic reduction in wall ingrowth deposition in the presence of DCB and isoxaben. Furthermore, the few wall ingrowths that developed in the presence of either drug were substantially altered in morphology, and cellulose microfibrils synthesized in the presence of either drug were clearly disrupted. Most studies using DCB or isoxaben report that cellulose synthesis is not completely inhibited in the presence of either drug (Montezinos and Delmer 1980, Heim et al. 1990 ). This observation also holds true for CesA mutants, where it is reported that cellulose levels are 30-60% of those of wild-type plants (Peng et al. 2000 , Taylor et al. 2003 . Furthermore, it has also been reported that not all cells in a given population are equally sensitive to DCB (Suzuki et al. 1992) . Thus, the observation that about 10-30% of adaxial epidermal cells still deposited wall ingrowths in the presence of DCB or isoxaben, albeit with mostly abnormal morphologies, is likely to be explained by a combination of these factors.
One interpretation from these results is that cellulose acts as a framework or scaffold for the deposition of other cell wall components to build the reticulate wall ingrowth morphology. It is envisaged that localized cellulose patches attract wall matrix polysaccharide secretion, since wall material accumulates at these sites. In the absence of cellulose acting as a template, as occurs in the presence of DCB or isoxaben, subsequent wall ingrowth formation either does not occur or becomes de-localized, in the latter case ultimately leading to abnormal wall ingrowth morphology. Cellulose biosynthesis appears to be required for all stages of wall ingrowth development, since deposition became delocalized even when wall ingrowth development was induced for 24 h before subsequently exposing the cotyledons to DCB.
Support for our conclusion that cellulose acts as a guiding influence over the construction of localized wall thickenings comes from a number of studies. In developing tracheary elements, assembly of secondary walls may be controlled by a 'self-perpetuating cascade' in which localized cellulose deposition mediates the patterning of other secondary cell wall components, including itself (Taylor and Haigler 1993) . Treatment of tracheary elements with DCB or isoxaben results in deposition of smaller and less regularly shaped secondary wall thickenings, in addition to abnormal localization of xylan, a glycine-rich protein, and lignin (Taylor et al. 1992, Taylor and Haigler 1993) . More cogent evidence that normal levels of cellulose microfibril synthesis are essential for the correct patterning of cell wall material comes from studies of A. thaliana mutants defective in cellulose synthase or proteins that associate with the cellulose synthase complex. For example, a decrease in cellulose levels in xylem and interfascicular fiber cells in the A. thaliana irx3 (irregular xylem) mutant results in spatial disorganization in the secondary wall layers in these cells (Turner and Somerville 1997 , Taylor et al. 2000 , Ha et al. 2002 . Similar effects on cell wall morphology are also observed with mutations in other cellulose synthase genes specific for secondary wall synthesis, including CesA4 (irx5; Taylor et al. 2003) and CesA8 (irx1; Somerville 1997, Taylor et al. 2000) .
This study provides evidence that in epidermal transfer cells of V. faba cotyledons, a tangled patch of cellulosic material provides the structural basis for subsequent localized deposition of papillate wall projections, ultimately leading to the labyrinth of wall material characteristic of reticulate wall ingrowths. As a consequence of confining cellulose synthesis to small, discrete loci, deposition of such cellulosic material in transfer cells might involve mechanisms not previously considered for wall synthesis in plant cells. In this context, we have shown in an accompanying manuscript that arabinogalactan proteins also are likely to participate in the process of wall ingrowth deposition, thereby further enhancing the value of studying wall ingrowth formation in transfer cells as a means to increase our understanding of the mechanisms of cell wall deposition in plants.
Materials and Methods
Plant material and cotyledon culture system Vicia faba L. (cv. Fiord) plants were grown in environmentally controlled cabinets as described previously (Offler et al. 1997) . For induction of transfer cell development in adaxial epidermal cells, cotyledons (0.05-0.09 g fresh weight) were surgically removed from the seed coat, separated, and transferred adaxial epidermal surface-down onto agar culture plates containing 50 mM glucose, 50 mM fructose and 100 mM betaine. For drug treatment (see below), one cotyledon of a pair was cultured in the presence of the drug, while the other cotyledon was cultured on a control agar plate containing 0.2% (v/v) dimethylsulfoxide (DMSO). A minimum of three seed replicates were cultured for each treatment. Plates were sealed with Parafilm and incubated in darkness at 25-278C for 4-48 h.
TEM of V. faba cotyledon epidermal transfer cells
Cotyledons (harvested after culture or sampled directly from plants) were sliced in half with a razor blade and fixed in 3% (v/v) glutaraldehyde and 4% (w/v) paraformaldehyde with 10 mM sucrose in 50 mM PIPES (pH 6.8) for 4 h on ice, followed by post-fixation overnight at 48C in 1% osmium tetroxide (w/v) (ProSciTech, Qld, Australia) in 50 mM PIPES buffer. Tissue was washed 3 Â 10 min in PIPES buffer and 2 Â 10 min in distilled H 2 O, dehydrated in acetone (10% steps, 30 min each), and infiltrated with Spurr's resin over 2 d before extended infiltration in 100% resin for 1 week. Ultrathin (70 nm thick) section were cut, collected on formvar-coated nickel 1 mm slot grids and stained with staturated uranium acetate for 15 min and saturated lead citrate for 10-15 min, prior to viewing with a JEOL 1200 EX II electron microscope.
SEM and FESEM
Tissue preparation for SEM and FESEM was based on methods developed by Sugimoto et al. (2000) . Vicia faba cotyledons (harvested after culture or sampled directly from plants) were sliced transversely with a razor blade (to aid penetration of solutions) and washed at room temperature in 2% (v/v) sodium hypochlorite for 3 Â 60 min. After rinsing 3 Â 10 min in distilled H 2 O, tissue was dehydrated in ethanol (10% steps; 30 min each step) and critical point dried. Dried cotyledons were mounted adaxial epidermis face-down on doublesided carbon tabs or carbon tape (ProSciTech, Thuringowa, Queensland, Australia) attached to aluminum SEM or FESEM stubs, and 'dry-cleaved' to reveal the outer periclinal wall of the adaxial epidermal cells as previously described (Talbot et al. 2001) . For SEM, specimens were sputter-coated with gold to an average thickness of 20 nm and viewed at 15 kV with a Phillips XL30 Scanning Electron Microscope. For FESEM, specimens were coated with platinum at 2.4 mA for 3 min (2-4 nm coating thickness) and viewed on a Hitachi S4500 FESEM (Hitachi, Tokyo) fitted with a solid-state backscattered upper electron detector operated at 3 kV. A working distance of between 5 and 8 mm was used. Scanned images were digitally captured as TIFF files with Image Slave 2.11 (Meeco, Melbourne) and imported into Adobe Photoshop CS.
Drug treatments
DCB (Lancaster, Morecambe, UK) and isoxaben (N-[3-(ethyl-1-methyl propyl)]-5-isoxazolyl-2-6-dimethoxybenzamide) (Fluka) were prepared as 50 mM stock solutions in DMSO. Each drug was added to agar culture medium to achieve the required final concentration (DCB was used at 5 and 50 mM, isoxaben at 0.5 and 5 mM). For DCB and isoxaben treatments, the final DMSO concentration did not exceed 0.1% (w/v), and control agar plates contained 0.1% (w/v) DMSO. Cotyledons were cultured as described above in the presence or absence of the drugs for 24-48 h and then prepared for SEM or FESEM (see above). SEM was used to observe the general morphology of wall ingrowths and to quantify wall ingrowth formation in the presence and absence of drugs. FESEM was used to observe cellulose microfibril organization in drug-treated and control cells.
Image analysis
To quantify wall ingrowth deposition in the presence or absence of DCB or isoxaben, the number of cells containing wall ingrowths per replicate was counted during SEM observations of dry-cleaved adaxial epidermal cells. This number was then expressed as a percentage of the total number of cells counted (100 cells were scored in each cotyledon replicate). A mean AE SE of counts from 3-5 cotyledon replicates was calculated, and counts for control cells from all experiments were pooled.
